From studies on the isolated gastric mucosae of amphibia and of the stomach in the intact mammal, there has emerged a simple description of the secretion of acid. There are two primary active transport systems, one for chloride and the other for the hydrogen ion. Chloride is transported somewhat more rapidly than the hydrogen ion. The difference between these two rates is substantially independent of the rate of acid production and constitutes a net current of negative ions moving from serosa to mucosa. Consequently a relatively constant electrical current is generated which accounts for the characteristic transepithelial potential difference. Water is assumed to move passively in response to the transport of these solutes, but clearly much more needs to be known about the kinetics of solvent flow (1) . The variation in the composition of gastric juice as a function of flow, which led to the unresolved controversy between Teorell and Hollander, indicates that there is a more or less constant leak or secretion of sodium. Perhaps potassium may approach a diffusion equilibrium between interstitial fluid and gastric juice, though in species other than man the electrochemical potential of potassium in the secretion is less than that in plasma.
In search for a more sufficient explanation of the electrophysiology of the gastric mucosa, Harris and Edelman (2) observed the consequence of varying the concentrations of potassium and chloride in the two solutions that bathe the mucosa. Increasing the potassium concentration of the solution bathing the serosal, submucosal, or interstitial face led to a reduction of the transmucosal potential difference. A reduction of the chloride concentration of the serosal solution also depresses the potential difference. By contrast, changing the potassium or chloride concentrations in the solution in contact with the mucosal or luminal surface has little effect on the potential difference. Because the potential change due to an altered serosal solution closely follows that predicted from the Hodgkin-Horowicz equation, it was concluded that the serosal face of the gastric epithelium is selectively permeable to potassium and chloride. Others have applied similar reasoning or the Carroll equation to the results of ionic substitution (3) .
But before one can proceed to the interpretation of potential changes that follow ionic substitution, it must be appreciated that the gastric mucosa is continuously generating current. A steady-state change of potential difference must derive from a change in current production and/or resistance. Though Harris and Edelrnan recognized that the necessary condition, zero net charge transfer, for the application of the
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The Journal of General Physiology Hodgkin-Horowicz equation was not satisfied and determined that changes of resistance were insufficient to account for the potential changes, they did not identify the altered ionic currents.
I have measured the principal ionic currents of the short-circuited gastric mucosa when it had been exposed to low and high concentrations of potassium, T a b l e I. T h e procedures utilized were similar to those employed previously (4) . Initially, p a i r e d portions of mucosa from the same stomach were bathed by ordinary "frog" saline solutions with the usual low concentrations of potassium, 2.5 m E q / l i t e r , until a stable and n o r m a l transmucosal potential difference was attained. T h e solutions were then Solution bathing serosal surface buffered by 30 mEq HCOs, 5% CO2. Positive sign for charge transfer corresponds to an electron flow from serosa to mucosa. M, flux; s --~ m, serosa to mucosa; m ~ s, mucosa to serosa; and I,c, short circuit current. Each row provides values for n pairs of half-mucosae, one-half of a pair being used for a determination of a unidirectional flux and a mean value computed for H + and I,c of each pair. changed with one surface or the other being exposed to 36C1 and either to a highpotassium solution or to ordinary saline. T h e high-potassium solutions had 70 m E q / liter of potassium achieved by reducing sodium by 67.5 m E q / l i t e r . After a 30 rain period of stablization during which the mucosae were short-circuited, the unidirectional fluxes of chloride, the hydrogen-ion secretory rate, and the short circuit current were followed for three successive 45-min periods. While the several p a r a m e t e r s declined progressively over the 135 min, particularly in the presence of high potassium, the relation between the parameters remained qualitatively the same. After this, the spontaneous transmucosal potential difference and resistance were obtained with the mucosae bathed by o r d i n a r y saline solutions. Even when the mucosa had been exposed to a high-potassium solution for 165 re.in, there was a satisfactory recovery of the potential difference and mucosal resistance. A high extracellular concentration of potassium at either surface increases the unidirectional flux of chloride from mucosa to serosa, M~, , so that exchange diffusion is augmented at the expense of the net active transport of chloride, A M cl. Consequently the algebraic sum of net chloride transport and hydrogen-ion secretion, {AM cl -}-H+}, is markedly diminished or even reversed. If this sum is further related to the short circuit current, I~, it is apparent that a high potassium concentration creates a further perturbation. Since the net transport of chloride and hydrogen ions does not account for the short circuit current, there must be unidentified net transfer of one other ion or more. Since the flux of sodium in the control situation is known, it is most reasonable to argue that the unidentified ionic movement is a downhill flow of potassium (though not necessarily by simple uncomplicated passive diffusion). Thus a high extracellular concentration of potassium at either surface reduces the net current of chloride which generates the transmucosal potential difference, and at the serosal face this reduction is augmented by a net current of potassium from serosa to mucosa to the extent that in these experiments the direction of the current is reversed. However, when the concentration of potassium in the mucosal solution is elevated, the current of positive ions from mucosa to serosa compensates for the depression of chloride transport so that, if only the transmucosal potential difference is measured, raising extracellular potassium does not have much effect. Parenthetically, it may be noted that decreasing the serosal chloride concentration would be expected to reduce the potential difference by diminishing the active transport of chloride.
I do not have an explanation for the unexpected finding that a high potassium concentration inhibits chloride transport. It may be of some interest that in two other circumstances net chloride transport is inhibited while hydrogen ion secretion is maintained: complete removal of sodium from the bathing media (5) and a high concentration of carbonic anhydrase inhibitor (6) .
Thus the ionic substitution experiments that we have just considered are not in their present form helpful in clarifying the potential steps or the passive permeabilities of the two faces of the amphibian gastric mucosa. Villegas (7) has measured the potential difference between the inside of the surface epithelial cell and the solutions bathing the mucosa. He has obtained the changes in potential difference that result from a 10-fold change in the potassium concentration of either external medium. When the serosal solution is altered, there is a 5.3 mv change in the cell to serosa potential difference and a 9.8 mv change in the cell to mucosa potential difference if the potassium of the mucosal solution is varied. Data are not given for the oxyntic cell. Though these results are hardly consistent with the conclusion of Harris and Edelman that the serosal face of the mucosa is selectively permeable to potassium and chloride with the mucosal surface not being selectively permeable to either ion, it is not easy to interpret ionic substitution experiments without first stipulating a plausible electrical network analogue and second having the circumstance of zero net current flow. Unfortunately the latter restriction is difficult to realize.
The only clear evidence we have concerning exchange of potassium across the two faces of the gastric mucosa has been provided by Davenport and Abbrecht (8) . They determined the change in specific activity of tissue potassium with time when one or the other surface had been exposed to a solution incorporating radioactive potassium. They found that the exchange of potassium across the serosal face was five to seven times as rapid as across the mucosal face. In a few experiments, I determined tissue specific activity, when one surface had been bathed by a radioactive solution, and also concluded that the exchange across the serosal face was more rapid. However, as Davenport recognized, the interpretation does rest on the simplifying assumption that one can treat the mucosa and the two bathing solutions as a simple three-compartment system. Since we have two principal cell types in parallel, this cannot be strictly true but it is a reasonable basis to start from until a fresh approach is initiated.
I n attempting to understand kinetics of tracer exchange in the gastric mucosa, it is important to appreciate that there is a relatively large extraceUular or interstitial space that is accessible from the serosal or submucosal surface which is about 50 % of the wet weight of the mucosa. Studies that I have undertaken suggest that exchange between this space and the serosal bulk solution is more complex than one would expect for a simple homogeneous slab. The serosal surface of a mucosa was exposed for several hours to saline solutions of either z4C mannitol or carboxyinulin with carrier. Subsequent to equilibration, the serosal solution was replaced by solutions containing the respective carrier but lacking tracer. The time course of tracer loss is given in Fig. 1 a and b. T h e estimated time constants for initial loss were 3.9 hr -1 for mannitol and 2.9 hr -1 for inulin. More importantly the curves of desaturation are multiexponential. Desaturation does not asymptotically approach a single exponential that would extrapolate back to 85 % of the initial tissue activity. Even after 3 hr, the residual activity of inulin is more than 5 %. (In the experiments of Fig. 1 and Table II , mucosae were maintained in a stretched state in a flux chamber.) Davenport and Alzamara (9) report the following 4-hr spaces accessible from both surfaces of the frog gastric mucosa: radioiodinated serum albumin, 23%; inulin, 38 %; mannitol, 52 %; and arabinose 55 % of wet weight. (In our hands the space accessible from the mucosal surface is 5 % that accessible from the serosal surface.) Subsequently Davenport (10) obtained values of 48, 52, and 51% for inulin, mannitol, and arabinose respectively, with standard errors of 2 %. It was concluded that the test solutes other than radioiodinated serum albumin invade compartments other than the "true" interstitial space. I am not prepared to accept the conclusion that this must necessarily be so. In two series of experiments, I have used double labeling to simultaneously determine the 6 hr mannitol and inulin spaces accessible from the serosal surface, Table II . In the first series the spaces were identical, 45 %. In the second series, conducted in November, the mannitol space was significantly greater, 60 vs 49 %. In the latter series the permeation of mannitol from serosal to For experiments of 5/66 and 11/66, the serosal surfaces were exposed, for 6 hr, to a saline solution of both carboxyinulin-t4C and mannitol-aH. Values of the permeation coefficients are also given for the experiments depicted in Fig. 1 ; 3, 5/65 (2 -4-sE).
mucosal solutions was abnormally great. I would argue that both inulin and mannitol may measure the "serosal" extracellular space but that depending on the state of the frog there may be some damage that allows mannitol to occupy a larger space. Since exchange between the serosal extracellular space and the serosal solution has an unexpected slow phase, Fig. 1 , and because radioiodinated serum albumin is much larger than inulin and mannitol, it is very likely that 4 hr is insufficient for albumin to attain a diffusion equilibrium in the extracellular space. (Though estimates of the extracellular space obtained by microscopic examination of frozen, dried, and epoxy-embedded sections of the frog gastric mucosa are crude they are consistent with the inulin space. While it has been reported (9) that the chloride space of the frog gastric mucosa may be less than the inulin space, neither Villegas (11) nor I have found this to be the case.) If it is accepted that inulin can provide a reasonable estimate of the extracellular space, it is no longer necessary to argue (9, 10) that there are two categories of epithelial cells, sodium rich and sodium poor. A qualitative analysis of the distribution of potassium in the frog gastric mucosa displayed with an electron microprobe X-ray analyzer, Fig. 2 , indicates that all cell types are rich in potassium.
It is germane to consider the complex nature of the exchange between the serosal FICURE 2. The distribution of potassium in a bullfrog displayed with an electron microprobe X-ray analyzer (17) . The mucosa was rapidly frozen to the temperature of liquid nitrogen, dried in the frozen state, and vacuum embedded with epoxy. A 5 # section was excited by the electron beam. The intensity of the K~ X-ray emission of potassium modulated the brightness of an oscilloscope spot, whose sweep was synchronized to the sweep of the electron beam. The figure is a photograph of the oscilloscope screen with light areas indicating the presence of potassium. The surface epithelium is discernible in the upper part of the figure below which are several strands of gastric tubules. In the lower part of the figure, the bright band is the muscularis mucosae which is contracted and thus thicker than often encountered.
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or m a j o r i n t e r s t i t i a l space a n d t h e serosal b a t h i n g solution w h e n i n t e r p r e t i n g kinetics of c h l o r i d e e x c h a n g e . Villegas (11) Mucosae were exposed to 3~C1 in control saline for 4 hr prior to 0 time. From 0 to 2 rain they were washed five times with nonradioactive solution. DNP, dinitrophenol, was added 30 min prior to the end of incubation and was included in wash solutions. All mucosae were maintained in the short-circuited state. ,~ -I-SE. For sulfate n = 9 pairs of half-mucosae, DNP n = 8, and glucuronate n = 6. s i m p l y i m m e r s e d or m a i n t a i n e d in a s t r e t c h e d c o n d i t i o n b y a flux c h a m b e r , t h e e s t i m a t e d size of t h e r a p i d l y e x c h a n g i n g c o i n p a r t m e n t m a y a p p r o x i m a t e t h e i n u l i n space. Since t h e loss of t r a c e r f r o m t h e t w o surfaces of the m u c o s a are similar, one w o u l d t h e n p o s t u l a t e t h a t the e x t r a c e l l u l a r a n d cellular c o m p a r t m e n t s of c h l o r i d e are in parallel. U n f o r t u n a t e l y t h e d a t a are n o t c o m p a t i b l e w i t h such a model. T h e initial r a p i d efttux of t r a c e r c h l o r i d e across t h e m u c o s a l face w o u l d r e q u i r e a passive p a r t i a l c o n d u c t a n c e for c h l o r i d e far in excess of t h e m e m b r a n e c o n d u c t a n c e , if the e x t r a c e l l u l a r c o m p a r t m e n t w e r e in p a r a l l e l w i t h the cellular c o m p a r t m e n t . It is m o r e c o m p a t i b l e to a c c e p t a m o d e l for c h l o r i d e e x c h a n g e in w h i c h t h e cellular a n d e x t r a c e l l u l a r c o m p a r t m e n t s are in large m e a s u r e in series a n d w i t h it b e i n g possible to a t t r i b u t e t w o or m o r e c o m p a r t m e n t s to t h e serosal e x t r a c e l l u l a r space.
It might be anticipated that the pattern of aeCl desorption into the usual chloride solution would differ from escape into a sulfate solution by eliminating the "exchange diffusion" of chloride in the latter instance. Villegas (1 I) reported a difference during the slow phase of tracer loss, 30-60 rain. The ratio of the loss from the mucosal face to the loss from the serosal face was greater when the mucosa was bathed by a sulfate solution. If the initial premise is correct that the simple effect of exposing the mucosa to a sulfate solution is the suppression of exchange diffusion, then one would have to accept the conclusion that exchange diffusion is located at the serosal face of the epithelium. Analysis of steady state intracellular specific activity of chloride, when one surface is bathed by a radioactive solution, in the absence and presence of dinitrophenol, has led to the opposite conclusion that exchange diffusion is located at the mucosal face (12) .
Since Villegas' interpretation also involved the assumption that the slow phase was a desaturation of a parallel cellular compartment, I undertook to reexamine the desorption of radioactive chloride. The study was extended to desorption in the presence of dinitrophenol (which inhibits exchange diffusion) and into a glucuronate solution, Table III . The relative losses from the two surfaces at 30-60 min into a sulfate solution contrasted to that into control chloride solution are comparable to the results obtained by ViUegas. In this series, the relative loss across the mucosal face was also greater into the sulfate solution during the initial rapid phase. Consequently, stipulating whether there is a series or parallel array of compartments is not decisive for identifying the locus of exchange diffusion. However, dinitrophenol promoted a greater relative loss across the serosal face suggesting that the locus is at the mucosal face. One might be inclined to consider that inhibition by dinitrophenol of the active transport of chloride at the mucosal face accounts for the difference. There is no reason, at the present time, to presume that glucuronate is more likely than sulfate to inhibit active transport of chloride. Nevertheless, the relative loss across the two faces is also reversed when a glucuronate solution bathes the mucosa. These contradictory results must lead us to question the premise that sulfate substitution simply suppresses exchange diffusion and our ability to identify the site of exchange diffusion by this approach.
I have presented several studies in the hope that they might be helpful in appreciating contemporary study of the isolated frog gastric mucosa. In concluding, I would like to comment very briefly on the relevance of the isolated frog gastric mucosa as a model for secretion in the intact mammal.
We have proceeded on the assumption that the electrophysiology of the mammalian stomach and the frog mucosa are similar because Rehm established that the secreting dog stomach bathed by isotonic hydrochloric acid generates a transmural potential difference and short circuit current that are comparable to those of the frog mucosa (13) . (Depending on the relative resistances of mucosa and muscle coat, the transepithelial short circuit current will be larger than the transmural short circuit current.) The maintenance of a transmural short circuit current (whose magnitude is essentially independent of the rate of acid secretion), when the mucosal surface is bathed by HCI, requires for the dog, as for the frog mucosa, that chloride is transported ahead of the hydrogen ion and that this difference is the source of the short circuit current and potential difference. The isolated mucosa does differ from the intact stomach in that the maximal rates of acid secretion are 50-100 times less.
Recent study by Kitahara, Fox, and Hogben (14) of the isolated mammalian stomach which can secrete in vitro has disclosed that there can be significant active absorption of sodium from mucosa to serosa (in the direction contrary to the "leak" of sodium into the gastric juice of the intact animal). Particularly in the case of the isolated canine stomach, this active transport of sodium largely accounts for the short circuit current. However, bathing the mucosal surface with an acidified solution, p H 2, abolishes the active transport of sodium and augments the active transport of chloride from serosa to mucosa. This is consistent with an observation in the intact m a m m a l that acidification of gastric lumen contents markedly reduces the flux of sodium from lumen to blood (15, 16) . The isolated frog mucosa will continue to be a useful model, though we now appreciate that for the resting stomach or one secreting at a very low rate, an active transport of sodium may be more important than the active transport of chloride as the source of the short circuit current.
This work was supported by grant No. AM 05848 from the National Institutes of Health.
R E F E R E N C E S

